Indoor air quality is a major contributor to the quality of people's lives. Notwithstanding pollutants that are becoming increasingly prevalent from new building materials, furnishings and consumer products, CO 2 concentration in educational buildings has been identified as a significant issue affecting students' performance. This study measures and addresses how serious the CO 2 levels are in differing educational facilities in north-east China during the winter period when windows have remained typically always closed to minimise heat loss. The research is based on indoor air quality measurement with the CO 2 and temperature & humidity data log, and also the users' experience. The negative impacts of CO 2 concentration are demonstrated to affect students' decision-making capabilities, and the relevant Chinese building regulations related to the requirements of indoor air exchange have also been reviewed. The paper also proffers practical solutions from architects' point of views to improve indoor air quality, specifically related to CO 2 concentration in educational buildings. A brief comparison of the indoor air quality with a specific focus of CO 2 concentration in educational buildings in China, and other countries around the world based on literature has been addressed. This intends to highlight the severe situations in Chinese education buildings.
Introduction
A pproximately, 90% of our lives is spent within indoor environments [1] [2] [3] . Thus, the quality of indoor air is a major contributor to human health [4] . Indoor air pollution may cause or aggravate illnesses [5] [6] , increase mortality [4] , and have a major economic and social impact [7] . Further, it has been proven that a number of respiration related diseases are directly caused or developed by poor indoor air quality (IOQ) by means of pollutants [5] [6] [8] . Exposure to pollutants may cause a variety of effects ranging in severity from perception of unwanted odors through to cancer [9] . Examples of health effects are dispersal of airborne infectious disease, micro-organisms in air humidifiers causing pneumonia and humidifier fever, mould increasing risk of allergy, and an increased risk of lung cancer through exposure to environmental tobacco smoke (ETS) and radon. Sensory effects include:
• Adverse health effects on sensory systems •Adverse perceptions such as annoyance reactions and triggering of hypersensitivity reactions
• Sensory warnings of harmful factors such as irritation due to formaldehyde.
The rapid development of new building materials, furnishings and consumer products over the past 50 years has resulted in a subsequent increase in new chemicals in the built environment [10] . The increase is an accumulation of the number of chemicals manufactured and used in household and building products, including construction materials, interior finishing materials, cleaning agents, furnishings, computers and office equipment, printers and supplies. In addition, buildings and HVAC (heating, ventilation and air conditioning) systems have deteriorated as a result of ageing and inadequate maintenance, or become obsolete as a result of technological advances. Added to this, the amount of fresh air being brought into buildings has decreased in order to reduce the amount of energy needed to heat or cool it. Thus, there is less fresh air available to dilute indoor air contaminants/ pollutants. Indoor concentrations are largely uncharacterised, but they have likely increased over time as a wider mix of chemicals are used and air exchange rates in the buildings decrease to improve energy efficiency [10] . Chemical concentrations are often highest indoors because many of the sources are indoors, and because of limited degradation indoors compared with outdoors. In addition, people who may be exposed to indoor air pollutants for the longest periods of time are often those most susceptible to the effects of indoor air pollution, and are namely the young, the elderly, and the chronically ill.
There have been many definitions provided for appropriate IAQ, one definition describes the absence of air contaminants which may impair the comfort or health of building occupants [11] [3] .Another defines indoor air pollution as chemical, physical or biological contaminants in the breathable air inside a habitable structure or conveyance, including workplaces, schools, offices, homes and vehicles. Other general factors influencing IAQ to those aforementioned includes temperature and humidity comfort, lighting and acoustic condition. A popular method to measure IAQ is to measure CO 2 levels in indoor air using CO 2 meters or monitors. CO 2 is commonly used as a sentinel indicator of IAQ to demonstrate relative levels of other pollutants, typically like NO 2 , CO, SO 2 , and VOC (volatile organic compounds) and body odor [12, 13, 14] . It has to be clarified that the CO 2 concentration in general outdoor air is around 400-600ppm. This is not harmful to human health. However, there are some regulations regarding CO 2 level in certain types of buildings in the world. For instance, the British Health and Safety Legislation [15] , which apply to school and educational buildings (ibid), state that long term exposure (less than 8 hours) to CO₂ should not exceed 5000ppm, and short term exposure (15 minutes or less) should not exceed 15000ppm.
Notwithstanding pollutants, many researchers have investigated the relationship of IAQ with regards to CO 2 levels. A significant study in this area was carried out at the Lawrence Berkeley National Laboratory and SUNY Upstate Medical University [16] . The research demonstrated that the concentration of CO 2 in indoor air significantly affects people's decision-making performance where 2500ppm CO 2 is reached in an indoor environment ( Figure  1) . Satish et al. demonstrated that when the CO 2 level is between 1000ppm and 2000ppm, occupants may feel that the air is un-fresh and often start to feel drowsy; when the CO 2 level is raised to between 2000ppm to 4000ppm, occupants in this environment may feel difficulty breathing, their faces often turn red and they may start to feel convulsion; when CO 2 levels reach between 4000ppm and 6000ppm, occupants may experience permanent brain damage, and often lose consciousness, and more seriously, may die if they stay in such an environment for a extended period of time [16] . Figure 1 . Impact of CO2 on Human Decision-making Performance [16] In recent years, the indoor air quality issues have been addressed as a very important factor to the building performance, especially in school and education buildings which may affect collective young people. Similar research has been done around world, such as central Italy [12] [12] . Thus, IAQ has been proven to impact upon students' performance, and as such, many countries around the globe have indoor air quality management (IAQM) strategies for educational facilities that aid the management of IAQ during occupancy [20] [21] [22] . Whilst such strategies exist, they are not commonly monitored as in the case of China. The Chinese Indoor Air Quality Standard (GB/T18883-2002) states that the CO 2 level should be kept below 1000ppm. As one adult usually exhales about 22.6 litres of CO 2 per hour, how are classrooms affected, where are large quantity of persons are expected to concentrate for fixed time periods? This research investigates CO 2 concentration in educational facilities in north-east China. Data collection will involve measurements on CO2 levels in learning facilities, and calculated against student numbers, size of facility and window openings. Analysis of the results against the relevant building regulations will then be used to proffer practical design solutions.
Research Methods
Building Performance Evaluation (BPE) is a practical method of evaluating a buildings performance with Post Occupancy Evaluation (POE) being a major component. A Building Performance Evaluation may be carried out on new, refurbished or existing buildings. It can test building fabric, building services, energy use, water use, user satisfaction, to name a few. The outcomes may be used to better understand how to make the building more efficient.
Post Occupancy Evaluation is becoming recognised as an important tool to develop better designs and to obtain important feedback on a building and how well it performs, in many cases buildings do not meet their expectations and this can have an impact on human comfort, running costs, user satisfaction, health and safety. Post Occupancy Evaluation is defined as "the process of evaluating any type of building in a systematic and rigorous approach after they have been built and occupied" [23] . The RIBA also defines a Post-Occupancy Evaluation in the RIBA Plan of Work as an "Evaluation undertaken post occupancy to determine whether the project outcomes, both subjective and objective, set out in the Final Project Brief have been achieved." [24] . In this research, the POE exercise mainly focuses on the human comfort and health and safety issues, specifically the indoor air quality, including CO 2 concentration and associated temperature and humidity. Two detailed methods were applied. One was mainly environmental data collection with equipment, another was to gather users´ experience feedback.
For the indoor air quality environmental data collection, Following 3 types of data logs with integrated sensors were used:
• Tinytag CO 2 TGE-0011, which can be setup for collecting CO 2 concentration (ppm) for minimum one minute. As this CO 2 data log needs a power supplier, it has to be placed near to a power socket.
• Tinytag Ultra 2 TGU-4500 is an indoor thermal data logger which can capture both temperature and humidity data for minimum one minute in indoor environments. It is powered by a battery. So it can be placed anywhere.
• Tinytag Plus 2 TGP-4500 is an outdoor thermal data loggers which can capture both temperature and humidity data for minimum by minute in outdoor environments. It is also powered by a battery.
The users' experience investigation was mainly via a questionnaire survey of students in the classrooms, and a semi-structured interview to the people in the facility management team. The questionnaire mainly covers the students' feelings on air quality, temperature and humidity, class and break time, and their concentration in classes. The semi-structured interviews mainly focus on building operation management, especially for the ventilation systems in the buildings.
Sample Area
Dalian is one of the largest cities in north-east of China, located at the south most point of the Liao-Dong peninsula. The coordinates are 38.9140°N,121.6147°E. Dalian is classified as a Class A Cold Zone area according to the Chinese Building Regulations, and requires at least 152 days of heating supply per year. The lowest average outdoor temperature for 5 days per year (heating calculation temperature) is -9.8°C. The average outdoor temperature during the winter period is -0.7°C. In winter, usually all windows of all buildings in Dalian remain shut to minimize any heat loss. With the everincreasing standard of energy efficiency for buildings, the air tightness of windows has been improved significantly over the years. The Design Standards for Public Building (GB50189-2005) requires that the air tightness of a window must not be below Level 4 (2.0< & <2.5 m3/M.H), which means that the cold air penetration for each meter of window gaps in each hour is 2.0-2.5 m 3 . However, contrary to this, the National Energy Efficiency Standards for Public Buildings (GB50189-2015) requests the air tightness not below Level 6 (1< & <1.5 m 3 /M.H). From the end of 1990s, due to the growing demand of students, there was a significant surge in the refurbishment and construction of new universities across Dalian; notably, only 6 out of a total of 42 university buildings in Dalian which stand today were constructed before 2000. The results presented demonstrates that CO 2 levels vary significantly during lesson times, and this is also impacted by the opening of windows. The CO 2 in the university lecture theatre (A) increased rapidly from around 600ppm to 2855ppm during the first 90 minutes of the session, with all of the doors and window shut (Figure 4) . Meanwhile, the CO 2 level in the secondary school classroom reached to 2022ppm within 40 minutes ( Figure 5 ). The height of the lecture theatre (A)
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3 space. The windows of the lecture theatre (A) are aluminum-framed double-glazed sliding windows, with an overall window opening area of 42.2m
2 . The rate between the window areas to the floor area of the theatre is 1:4.8, and the window opening length is 77m; the window's opening area to the floor area is 5.97%. For the school classroom (B), the windows are aluminum-framed double-glazed windows. The overall window area is 11.895m
2 . The rate between the window areas to the floor area is 1:5.29, and the window opening length is 8.4m; the window's opening area to the floor area is 5.05%. Based on the above information, it indicates that, if the school class session lasts for 90 minutes, the actually indoor air quality environment in the school classroom may be worse than the lecture theatre. The comparable results are presented in Table 1 . According to the Chinese Building Regulations (GB50352-2005), in order to ensure that there is adequate natural ventilation in a building, the window opening area of a room against that of the floor area of the room should be greater than 1:20, of (A) 1:4.8 and (B) 1:5.29 respectively. Thus, both the university lecture theatre and the high school classroom meet this criterion. However, as the windows are not usually opened during the winter, the exchange of fresh air cannot be guaranteed. In this case, the lecture theatre had 288.75m 3 In the North-East of China, occupants very rarely open any windows during the entire winter period. Therefore, it is foreseen that the results presented in Figure 4 and 5 are typical of educational facilities whereby there is a high CO 2 concentration during use/operation. Although CO 2 is not an air pollutant that directly causes harm to people's health, it does indicate the presence of other pollutants including human odor, and is associated with uncomfortable temperature and humidity which affect students' concentration as concluded by another research [16] demonstrated that when the CO 2 level is between 1000ppm and 2000ppm, people may feel that the air is stale and often start to feel drowsy (see Figure 1) . Further, such high levels of CO 2 in educational facilities can also cause headaches, stomach aches, and other irreversible damage to people's health. Thus, good indoor air quality and artificial/mechanical ventilation is essential for educational buildings in the north-east of China. The following section proffers a number of practical solutions to address this concern.
Users' Experience

Questionnaire Survey
The following five questions are designed to collect the students' experience in the classrooms: (Table 5. 2). Although the students in both classrooms could feel the indoor air quality getting worse over their class time, the students in the university theater had stronger reaction to such changes. This was because that more people (proportions) had the listed symptoms. This outcome is also consistent to the collected data that the CO 2 concentration, temperature and humidity in the lecture theatre were relatively higher than the school classroom. It also can be identified that the length of each class session should not be more than 45-60 minutes. The temperature of the classroom looks like another key factor affecting the students' human comfort. As all of these classrooms are heated with community heating systems, the temperature in the classroom with full of the students, the temperature and humidity can easily go up to over 24 o C, and 70% humidity. Based on the Chinese design regulations, the designed temperature and humidity in classroom should be 20 o C-22 o C and the humidity should be 30-70%, ideally 50%-60% [14] . In this study, it has been identified that the temperature and humidity will increase when the CO 2 concentration increases in these classroom. It was observed that when the CO 2 concentration was over 1400ppm, the temperatures in both the lecture theatre and the classroom are over 24 o C. From the measurements of both classrooms, it can be told that the CO 2 
Interview of the Building Management Team
The building facility management teams of both the university and school were interviewed regarding the ventilation systems and the knowledge of the indoor air quality. The outcomes of the interview are very negative. Most people in the facility operation and management teams have little knowledge about either indoor human comfort or the indoor air quality. As mentioned earlier, one building in this study has an artificial ventilation system. The building facility management usually do not turn it on. There is no guidance regarding when the ventilation system should be turned on. The facility teams also claimed that they have never received any complaint about the indoor air quality issues, or have been asked to turn the ventilation system on, but they are very interested in the outcomes of this research. This interview has fully reflected that some conclusions addressed in other previous studies [25] that the reasons causing such issues are a lack of awareness of IAQ amongst all stakeholders (i.e. architects, users/ occupiers, general public etc.), a lack of responsibility, and a lack of communication between stakeholders during the building process.
Practical Solutions to Mitigate High Concentration CO 2 in Educational Facilities
Window Openings
Users/occupants in educational facilities should open winders more frequently during the winter period. The frequency should follow the requirement of the air exchange rate for each person which stands at a minimum of 22 to 24 m 3 fresh air per person (GB50736-2012). Students should be also be encouraged venture out of the lecture theatre/classroom as much as possible during break times, not just for them to personally enjoy fresh air, but also to reduce the CO 2 level in the learning environment. Based on the above calculated figures, it is proposed that educational facilities should open windows every half hour on average. The openable sections on windows should be designed appropriately so that they can be easily operated and are of an adequate scale, especially for very large windows. This can encourage people to open windows more frequently, but also ensure that those who sit close to windows do not feel too cold.
Reducing CO 2 Concentration Through Improved Timetabling
The results of CO 2 concentration in the lecture theatre (A), Figure 4 , are more complex in nature than the secondary classroom (B). As typical in an university lecture theatre, classes are often timetabled consecutively with different groups of students in each timetabled lecture. It was witnessed that students of a following lecture were aware immediately of poor air quality on entering the lecture theatre, and often opened the window on entry. This action significantly reduced the CO 2 level. Therefore, the timetable of different classes in the same facility is encouraged to support adequate CO 2 levels.
Another noticeable finding in the CO 2 concentration measurement for the lecture theatre (A) was that the CO 2 concentration increased rapidly for the last lesson before 5pm ( Figure 6 ). This was concluded that the students thought they could bear the bad air quality in last hour before the class finished, and also coincided with the drop in air temperature externally. This indicates that poor air quality is also related to users' psychology and habit. 
Enable Convectional Currents
A separate measurement was carried out in two lecture theatres (Classroom A and Classroom F) with differing numbers of windows (Figure 2) . The same group of students stayed in the two rooms for 90 minutes each with all windows and doors shut on same test-day. Classroom F has two more windows with 7.25% of the window opening area and the floor area rate, and 115m opening edges than the classroom A, with the same variables of 5.78% and 77m. The highest CO 2 concentration captured in the classroom F within 90 minutes was 1842ppm; and the highest reading from the classroom A within the same time frame was 2882ppm.
In addition, the researchers observed that the majority of classrooms in the old buildings constructed before 2000 are rectangular in shape, with window opening located along both the longer walls of the classrooms. This arrangement of windows permit greater convective air flow, with no unapproachable corner. Thus, the air quality in such rooms will undoubtedly be greater, and should be encouraged for future designs. Further, the height of a classroom can affect the air quality, as larger headroom impacts upon air pressure affect ambient temperature which can also enhance air exchange in a room (Figure 7) . 
Installing Mechanical Ventilation and Passive Ventilation Systems
Generally, electric fans located on or by windows can improve air exchange in classrooms (see Figure 8 ), but this makes too much cold air coming into classrooms directly. Passive roof vents, based on air flow and thermal pressure, can also enhance air exchange ( Figure 9 ). Another option if vents or openings are not permissible in the wall is to install electrical roof vents (Figure 10 ), but it is not necessarily convenient for users to manually control roof vents during classes; sensor controlled electric roof vents would be a better solution. The thermal collectors can be installed to compensate from heating lost during air exchange. In this case, the relevant costs and issues of maintenance and operation of such ventilation equipment should be carefully considered and managed at design and construction stages. 
Buffer Areas on the North Sides of Classrooms
In Scandinavian countries, educational building designs often incorporate buffer areas on the north sides of classrooms ( Figure 14) where wind direction is at its greatest, which can be used as cloakrooms, for instance. This can support fresh air exchange but also limit the degree of the cold air directly coming into the learning space. 
Compensating with Fresh Air via Corridors
In very cold areas, if it is not possible to open windows during winter, particularly in educational facilities whereby those located close to the window will often find it too cold, another solution is to ensure that fresh air can come from corridors via the windows or doors in corridors. This has been identified an effective way in practice ( Figure 11 ). 
Vent Windows
In recently years, tilt and turn windows ( Figure 12 ) have been widely incorporated in educational buildings across China. However, due to their large opening areas, they are rarely used/opened during winter. It has been demonstrated in practice that small vent windows are effective and efficient for air exchange in winter in such cold zones ( Figure 13 ). Vent windows, with small opening areas, are foreseen to be highly effective particularly if they are installed in high up on external walls. The advantages of vent windows are effective air exchange, easily controllable, and they prevent cold outdoor air being blown directly to those sitting adjacent to windows. However, such (small) window vents may not be able to support the large air exchange required in classrooms.
Conclusion
It is more commonly accepted that outdoor air pollution can damage human health, but indoor air pollution can equally impact [26] . The risk of poor IAQ is increased by a lack of proficiency and knowledge of how the numerous factors can contribute to poor IAQ, both during design and construction and after occupancy. In many cold zones across China, particularly north-eastern China, the windows in many high concentration educational facilities are rarely opened during winter months to minimize any heat loss. Further, the majority have no mechanical ventilation systems. This contributes to increased CO 2 concentration levels, which has been proven to effect students' performance and even their health. This research has provided the empirical evidence to substantiate this by conducting a series of CO 2 measurements in different teaching spaces. It reveals the serious situations (2800+PPM at peak) in the educational buildings in north-eastern China. Based on the literature review, the CO 2 concentration are normally not more than 2000ppm at peak points in the similar educational facilities in the developed countries [19] [13][27] [28] . The research also implicates that, although the designs of such educational buildings have fulfilled the relevant design and building regulations which are partially reviewed here, the actually usage of the buildings with their facilities, such as windows and artificial ventilation systems are matter to the indoor environment and human comfort of classrooms. This could be a driver to improve the relevant design principles and regulations, and to enhance the building facility management policies in future. This work also offers a number of practical solutions to address IAQ. Further studies on indoor air quality with the development of feasible and effective sensor controlled ventilation systems for education buildings is much needed.
